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Rees. James L Hedrick,  Christina Zech." Gerhard Maier,'Brigitte Voit,' 
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" IBM Almaden Research Center, 650 Hany Road, San Jose. CA 95120 
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4) r,    ^^anchen, LehistuH fiir Makromolekulare Stoffe, D-85474 Garching 
^Department of Chemistiy, University of CaUfomia, Santa Cruz, CA 95064 

Department of Chemistry, University of California, Berkeley, CA 94720 

Introduction 

III comparison with other Uving techniques, two of the unique features of 
hvvaz' free radical polynierizations are their compatibility with a wide range 

of functional groups, coupled with their ability to prepare weU defined random 
Mid block copolymers from a variety of monomers.' We have recently shown 
that replacement of TEMPO as the mediating nitroxide in 'living' free radical 
polymenzations by O-hydrogen derivatives leads to monomer selection and 
functional group compatibility approaching that of ATRP based systems ' The 
ability of these new alkoxyaraines, such as 1, to mediate the 
homopolymenzation of a wide variety of monomers should permit a much 
greater range of well defined random, block, and star copolymers to be 
prepared under simplified conditions. 

Results and Discussion - Random Copolymers 
hitially the random copolymerization of styrene and butyl acrylate 

mixnires m the presence of 1 and acetic anhydride at 125''C was examined In 
contrast to the results obtained with 'reMPO, both molecular weight and 
polydispersity control was excellent, with all molecular weights being within 
10% of the theoretical molecular weights and polydispetsities between 1 08 
and 1.20. Given the control afforded by 1 in the homopolymerization of both 
styrenics and aciylates, this ability to prepare well-defined random 
copolymers is exp^ftd. 

OH 

However a more surprising result was obtained when the random 
copolymenzation of styrene and methyl methactylate was examined. In Ais 
case, well defined random copolymers could be obtained up to veiy high 
methyl methacrylate ratios (ca. 85%) and only at methactylate ratios of greater 
than 90% did the polydispersity become greater than 1.50. Significantly no 
resonances were observed in the 5.50-6.20 ppm region, characteristic of 
alkene   terminated   chains..     To   better   appreciate  these   results   the 
polydispersities obtained for the random copolymerization of styrene/butyl 
aciylate and styrene/methyl metiiaciylate mixtures initiated by 1 were 
compared with those for TEMPO based systems, 2.   Significanfly greater 
control IS observed with 1 compared to TBMPO at essentially all molar ratios 
and becomes exacerbated at molar percentages of styrene of less than 60% 
(Figure 1).     Similarly the random, copolymerization of aciylates and 
methaciylates, which fails for TEMPO based systems such as 2  was a 
controlled process in the presence of 1.  For example, a mixture of f-butyl 
aciylate (100 equiv.) and methyl methactylate (100 equiv.) were heated at 
125°C m the presence of I.O equivalents of 1 and 0.05 equiv. of the free 
mtroxide 3. The copolymer obtained was shown to be a statistical random 
copolymer by 'H NMR and analysis by GPC, M„ = 22 000 PD, = 119 
demonstrating that flie level of control was similar to that found above for the 
styrene/methaciylate random copolymers.   This was fiirther confirmed by 
examination of a wide range of copolymer ratios which showed that well 
defined materials (PD. < 1.35) were obtained up to 80% of methyl 
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Figm-e 1. Relationship between polydispersity of the resulting random 
copolymers and mole percent of styrene in the feed mixture for the 
copolymerization of (i) styrene and n-butyl acrylate (■), (ii) styrene and 
metiiyl metiiaciylate (.) mediated by TEMPO based systems, 2, comp^d 
wift (111) styrene and n-butyl aciylate (O), and (iv) styrene and methyl 
meaiacrylate(n) mediated by 1. •" "'=inyi 

Similar control was obtained witii otiier monomers such as acrylamides 
and aciylomtrile. which clearly demonstgtes tiiat an extremely diverse set of 
well-defined random copolymers can be, easily, prepared using nitroxide 
mediated processes. 

Table 1. Polydispersity and polystyrene equivalent molecular weights, M„ 
for the bulk random copolymerization of styrene and a variety of' 

functionalized monomers (200 equiv.) in the presence of 1 at 120^ 

Comonomer Ratio of 
Sty/Comonomer 

M„ Polydispersity 

v.. 90/10 
70/30 
50/50 
30/70 

21500 
22 000 
22 500 
19 000 

1.09 
1.12 
1.14 
1.06 

NMe2 

70/30 
50/50 
30/70 

20 000 
18000 
19 500 

1.1 
1.11 
1.14 

K^- 90/10 
80/20 
50/50 

19 500 
20000 
20500 

1.09 
1.08 
1.12 

0-CH2CF2CF2CF3 

90/10 
70/30 
50/50 

19500 
17 000 

■ 18000 

1.07 
1.12 
1.22 

The abihty to polymerize functionalized monomers under controlled 
conditions is a major advantage of 'living' free radical procedures'■' The 
demonstrated capacity of 1 to polymerize a wide variety of monomer families 
suggested that It might also be compatible witii reactive functional groups 
such as carboxyhc acids, epoxides, etc. This feature was probed by 
copolymenzmg mixtures of styrene, or butyl acrylate, with a variety of 
reactive monomer units. As shown in Tables 1 and 2, a high degree of control 
was maintained over tfie random copolymerization even in the presence of a 
sigmficant amount of the reactive monomer unit, ca. 1:1. At low levels of 
incorporation, ca <25%. the influence of functionalized monomers on the 
level of conttol was neghgible. For a range of fiinctional groups, from basic 
amine,   acidic   caibo;tylate.   fluorocarbon,   to   hydrophilic   groups   low 

wSr'!?^;^",^'^","' P°'^'' *"" °'"^*'l-   O-Jy « high loading 
levels (ca. 50%) and m select cases, such as aciylic acid and glycidyl acrylate 
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did the polydispersities rise to 1.5-1.55. Siinilar difficulties in the 
polymerization of aciylic acid was observed in ATRP procedures by 
MatyJBSzewsld where the catalyst is deactivated by the co-ordinating ability of 
the monomer.' 

Table 2. Polydispersity and polystyrene equivalent molecular weights, Mo, 
for the bulk random copolymeiization of butyl acrylate and a variety of 

ftinctionalized raonomets (200 equiv.) in the presence of 1 and 3 (0.05 equiv.) 
at no-c. 

Comonomer Ratio of 
Acrylate/Comonomer 

M. Polydispersi^ 

90/10 17000 1.18 
80^ 

.    70/30 
50/50 
30/70 
10«0 

14500 
16 500 
18000 
18000 
17 000 

1.15 
1.13 
1.09 
1.1 

1.15 

OH 

95/5 
90/10 
80/20 
50/50 

19500 
21500 
22000 
20 000 

1,12 ■ 
1.1  . 

1.26 
1.55 

NMej 

70/30 
50/50 

15 500 
14500 

1.18 
1.19 

30/70 17000 1.15 

M> 95/5 
90/10 
50/50 

19 000 
18 000 
18 000 

1.14 
1.19 
1.30 

0—CHjCFjCFjCFs 
90/10 
50/50 

19500 
19 000 

1.12 
1.25 

OaV:H,OCH,CHiOCH, 

90/10 
80/20 
50/50 

20000 
19000 
17 000 

1.17 
1.15 
1.35 

M> 
95/5 
9mo 
80/20 
50/50 

20000 
.21000 

23 000 
'28000 

1.16 
1.18 
1.18 
1.52 

Block Copolymers     '      ; 
The presence of dormant initiating centers at die chain end/s of linear 

polymers prepared by both nitroxide mediated and ATRP ptxjccdures provides 
unique opportunities for the preparation of block copolymer structures and 
this feature has been exploited by numerous groups.* While the block 
copolymers available from 'living' free radical procedures may not be as well 
defined as the best examples available from aruonic techniques, bey have the 
advantage of greater availability and a significanfly greater tolerance of 
functional groups. 

In exploiting these oppoitunides, nitroxide mediated systems has lagged 
behind ATRP based systems, primarily due to the more limited choice of 
monomer units that could be efficiendy hoinopolym«ized. "Ilie abihty of 1 to 
overcome this limitation opens up the possibility of prqaring a wide range of 
block copolymw structures using nitroxide mediated procedures. Initially, an 
alkoxyamine flinctionalized poly(n43utyl aciylate) block, 4 (Mo = 7 800, PD. 
= 1.08), was initially grown and tiien used to polymerize 200 equivalents of 
styrene in the presence of acetic anhydride (1.0 equivalents) at 123°C under 
argon for 8 hours. This resulted in 92% conversion and gave the block 
copolymer, 5, analysis of which revealed the expected increase in molecular 
weight (M. = 28 000, PD. = 1.09), while the polydispersity remained very low 
and tiiere were no detectable amount of unneacted starting poly(acrylate) block 

as analyzed by a combination of GPC and h.p.I.c. techniques. This block 
copolymer formation proved to be a general prxxxdure and permitted a wide 
compositional range of poly(«-butji acryiate)-i-polystyiene block copolymers 
to be prepared with accurate control of molecular wei^t up to 200 000 a.m.u. 
and polydispersities typically in the range of 1.06-1.19 (Scheme 1). 

■x--^ 
Scheme 1 

The preparation of fimctionalized derivatives of 1 also pomits the 
syntiiesis of more complex block copolymer architeictures. For example, tiie 
difiinctional initiator, 6, can be readily prepared and a wide variety of ABA 
tiiblock copolymers, 8, obtained by initial polymerization of butyl acrylate to 
give the central B block, 7, followed by polymerization of die two outer 
polystyrene A blocks (Scheme 2). A number of tiiese samples proved to be 
interesting fuiictionalized thermoplastic elastomers with novd properties and 
potential q)plications. 
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